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HIGHLIGHTS 


•  Ce-(Mn,Co)  spinel  coating  on  AISI441  metal  was  examined  after  800  °C  6000  h_1. 

•  Alumina  coating  strongly  bonded  to  the  metal  substrate  without  spallation. 

•  EDS  analysis  showed  no  Cr  depletion  in  AISI441. 

•  Mutual  diffusion  observed  between  welded  Ni  wire  and  AISI441  interconnect. 

•  Small  Cr  was  only  detected  at  cathode  and  was  discussed  with  performance. 
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A  generic  solid  oxide  fuel  cell  stack  test  fixture  was  developed  to  evaluate  candidate  materials  and 
processing  under  realistic  conditions.  Part  III  of  the  work  investigated  the  stability  of  Ce-(Mn,Co)  spinel 
coating,  AISI441  metallic  interconnect,  alumina  coating,  and  cell’s  degradation.  After  6000  h  test,  the 
spinel  coating  showed  densification  with  some  diffusion  of  Cr.  At  the  metal  interface,  segregation  of  Si 
and  Ti  was  observed,  however,  no  continuous  layer  formed.  The  alumina  coating  for  perimeter  sealing 
areas  appeared  more  dense  and  thick  at  the  air  side  than  the  fuel  side.  Both  the  spinel  and  alumina 
coatings  remained  bonded.  EDS  analysis  of  Cr  within  the  metal  showed  small  decrease  in  concentration 
near  the  coating  interface  and  would  expect  to  cause  no  issue  of  Cr  depletion.  Inter-diffusion  of  Ni,  Fe, 
and  Cr  between  spot-welded  Ni  wire  and  AISI441  interconnect  was  observed  and  Cr-oxide  scale  formed 
along  the  circumference  of  the  weld.  The  microstructure  of  the  anode  and  cathode  was  discussed  relating 
to  degradation  of  the  top  and  middle  cells.  Overall,  the  Ce-(Mn,Co)  spinel  coating,  alumina  coating,  and 
AISI441  steel  showed  the  desired  long-term  stability  and  the  developed  generic  stack  fixture  proved  to 
be  a  useful  tool  to  validate  candidate  materials  for  SOFC. 

©  2013  Published  by  Elsevier  B.V. 


1.  Introduction 

Recent  advances  in  anode-supported  thin  electrolyte  cells  have 
greatly  reduced  the  operating  temperatures  from  -1000  °C  to 
-800  °C  for  planar  solid  oxide  fuel  cells  (SOFCs)  [1-3].  At  these 
temperatures  the  use  of  low-cost  and  durable  metallic  interconnect 
materials  becomes  possible  as  compared  to  brittle  ceramic  mate¬ 
rials  such  as  LaCr03,  which  is  fragile  and  difficult  to  form  and  sinter. 
To  minimize  the  residual  stresses  from  the  coefficient  of  thermal 
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expansion  (CTE)  mismatch  with  the  anode-supported  cells,  ferritic 
stainless  steel  with  appreciable  amount  of  Cr  has  been  widely 
studied  as  a  leading  candidate  alloy  due  its  oxidation  resistance  and 
ability  to  form  a  conductive  scale  in  oxidizing  environment.  Ferritic 
steels  such  as  Crofer22APU,  AISI441,  SS430,  Ebrite  and  others  have 
been  studied  [4-13].  Although  0*203  is  conductive  at  SOFC  oper¬ 
ating  temperatures,  the  electrical  conductivity  is  much  lower  than 
the  base  metal  and  Ni  at  the  anode  side  [14],  as  well  as  typical 
cathode  and  contact  materials.  Also,  the  well  known  Cr-poisoning 
effect  on  cathodes  forbids  the  direct  use  of  these  metals  without 
a  protective  conducting  coating  [15-19].  A  novel  (Mn,Co)304  spinel 
was  therefore  developed  for  ferritic  stainless  steels  that  shows  high 
conductivity,  matching  CTE  and  long-term  stability  with  both 


Y.-S.  Chou  et  al.  /  Journal  of  Power  Sources  257  (2014)  444-453 


445 


Crofer22APU  and  AISI441  substrates  [20-26].  However,  even  with 
the  protective  (Mn,Co)304  spinel  coating,  Cr-containing  oxide 
scales  still  form  on  these  ferritic  stainless  steel  substrates  over  time, 
and  can  spall  off  upon  repeated  thermal  cycling.  To  mitigate  the 
adhesion  issue,  a  small  amount  of  rare  earth  of  Ce  was  added  to  the 
(Mn,Co)304  spinel  and  small  coupon  tests  showed  similar  con¬ 
ductivity  and  stability  [25].  In  addition  to  the  conductive  coating  to 
protect  the  cell’s  electrochemical  performance,  an  insulating  pro¬ 
tective  coating  was  also  required  for  the  sealing  area  in  which  no 
electrical  current  was  allowed  to  pass.  This  insulating  coating  was 
intended  to  block  the  chemical  reaction  of  Cr  with  alkaline  earths 
such  as  Ba  and  Sr  in  sealing  glasses  to  form  undesirable  chromate 
phases  of  very  high  CTE  [27-29].  These  chromates  are  thermody¬ 
namically  favored  to  form  in  oxidizing  environments  and  can  lead 
to  seal  failure  which  then  can  cause  the  cell  or  stack  failure.  These 
candidate  materials,  Ce-(Mn,Co)304  spinel  coating,  aluminization, 
and  AISI441  interconnect,  have  been  mostly  studied  in  small 
button-sized  cells,  not  in  a  realistic  SOFC  stack  environment.  It  is 
therefore  the  objective  of  this  work  to  study  these  candidate  ma¬ 
terials  in  a  generic  stack  fixture  to  fully  assess  their  stabilities  and 
interactions  with  mating  materials  for  long-term  operation.  Part 
one  of  the  work  reported  the  design  of  a  generic  stack  fixture,  cell 
assembly,  seal  system,  and  each  cell’s  performance  [30].  Part  two  of 
the  work  studied  the  sealing  glass  stability  and  chemical  compat¬ 
ibility  with  YSZ  and  aluminized  AISI441  interconnect  [31].  Part 
three  of  the  work  will  address  the  integrity  of  Ce-(Mn,Co)304  spinel 
coating,  aluminization,  AISI441  interconnect,  as  well  as  cathode 
and  anode  microstructure  changes  relating  to  cell  degradation. 

2.  Experimental 

2.1.  Materials,  processing  and  short-stack  assembly 

A  3-cell  short  stack  was  assembled  for  the  long-term  stability  test 
at  800  °C  using  the  generic  stack  test  fixture.  A  commercial  anode 
supported  thin  YSZ  electrolyte  cell  of  50  mm  x  50  mm  x  0.5  mm  with 
LSM-YSZ  composite  cathode  was  used.  The  cells  were  sealed  onto 
aluminized  AISI441  window  frames  with  refractory  sealing  glass 
YS077  and  stacked  together  with  hybrid  micas  as  perimeter  seal.  LSM 
and  NiO  were  used  as  cathode  and  anode  contact,  respectively.  Ni 
mesh  was  also  used  as  the  anode  current  collector  while  no  metallic 
mesh  was  used  at  the  cathode  side.  Ferritic  stainless  steel  AISI441  was 
used  for  the  interconnect  plates  and  window  frames.  Aluminization 
was  applied  to  the  AISI441  on  areas  requiring  no  electrical  conduc¬ 
tion,  and  Ce-(Mn,Co)  spinel  coating  was  applied  in  the  central  section 
facing  the  cathode.  The  details  of  the  cell,  materials,  coatings,  pro¬ 
cessing  and  stack  firing  are  given  in  Ref.  [30]. 

2.2.  Post-mortem  characterization 

After  the  800  °C  6000  h  test,  the  short  stack  was  dis-assembled 
and  post-mortem  analysis  was  conducted  with  optical  microscopy 
and  scanning  electron  microscopy  with  energy  dispersion  spec¬ 
troscopy  (JOEL  SEM  model  5900LV).  Characterization  with  optical 
microscopy  was  reported  in  part  I  with  respect  to  seal  failure, 
cathode  and  anode  morphology,  and  contact  materials  [30].  In  part 
II  the  materials’  characterization  was  focused  on  refractory  sealing 
glass  microstructure  stability  and  interfacial  reactions  at  YSZ  and 
aluminized  AISI441  interfaces.  In  this  work,  the  microstructure  at 
the  Ce-(Mn,Co)-spinel  coated  interface  and  its  effect  in  blocking  Cr 
diffusion  was  studied  at  the  contact  site  with  LSM  (spot  #1  in  Fig.  1 ). 
To  validate  the  aluminization  coating  and  Cr  depletion  issue,  the 
uncovered  (by  LSM  contact)  areas  were  also  examined  both  in  the 
air  and  fuel  side  as  shown  at  #2  and  #3,  respectively,  in  Fig.  1.  In 
addition,  the  Ni  mesh  spot-welded  onto  AISI441  plate  as  current 
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Fig.  1.  Schematic  drawing  showing  the  top  cell  assembly  with  mating  AISI441  inter¬ 
connect  plates.  Four  locations  (#l-#4)  were  selected  for  microstructure  character¬ 
ization.  The  locations  corresponding  to  anode  and  cathode  microstructure 
characterization  are  not  shown. 

collector  was  investigated  as  #4.  These  locations  are  related  to  the 
top  cell  and  corresponding  interconnect  plates  as  shown  in  Fig.  2  of 
Ref.  [30].  In  addition  to  the  coatings  and  AISI441  interconnect 
metal,  the  microstructure  of  cathode  and  anode  from  the  top  cell 
and  middle  cell  was  also  investigated  with  electron  scanning  mi¬ 
croscopy.  The  preparation  of  metallurgical  samples  was  given  in 


Fig.  2.  Microstructure  of  Ce-(Mn,Co)-spinel  coating  between  AISI441  interconnect  and 
LSM  contact  after  800  °C  6000  h-1  cell  test,  (A)  low  magnification  and  (B)  high 
magnification  of  the  circled  area  in  (A).  The  arrow  in  (B)  shows  the  Ce02  sub-micron 
particles.  EDS  spot  and  area  analyses  are  listed  in  Table  1. 
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Fig.  3.  Elemental  mapping  of  Ce-(Mn,Co)  spinel  coating,  (A)  corresponding  SEM  micrograph,  (B)  Si,  (C)  Cr,  (D)  Fe,  (E)  Ti,  (F)  Mn,  (G)  Co,  and  (H)  La. 


detail  in  Ref.  [31  ].  During  the  test,  cell  impedance  was  also  char¬ 
acterized  about  every  500  h  using  an  impedance  analyzer  (Model 
VSP  and  VMP3B,  Bio-Logic  SA,  Princeton  Applied  Research,  Oak 
Ridge,  TN)  and  frequencies  between  20  kHz  and  40  MHz  at  constant 
voltage  of  0.8  V. 

3.  Results  and  discussion 

3.1.  Ce-(Mn,Co)-spinel  coating 

A  Ce-modified  (Mn,Co)-spinel  coating  was  applied  to  AISI441 
interconnect  plates  to  provide  electrical  conduction  while  blocking 


Cr  diffusion.  The  addition  of  a  small  amount  of  Ce  was  to  improve 
the  adhesion  of  the  Cr-oxide  scale  that  grew  underneath  the 
coating  during  the  test.  The  microstructure  of  the  coating  in  contact 
with  LSM  cathode  contact  (location  #1  in  Fig.  1)  is  shown  in  Fig.  2 
and  the  elemental  mappings  of  species  of  interest  are  shown  in 
Fig.  3.  At  low  magnification  of  the  interfacial  microstructure,  no 
debonding  was  observed  between  the  spinel  coating  and  LSM 
contact.  This  is  likely  due  to  the  initial  porous  microstructure  of  the 
spinel  coating  with  rough  surface  texture  from  the  ultrasonic 
spraying  process,  which  offered  mechanical  interlocking  and  inter¬ 
diffusion  between  the  spinel  and  LSM.  The  (Mn,Co)-spinel  coating 
also  appeared  strongly  bonded  to  the  AISI441  substrate  and  was 


Table  1 

Chemical  analyses  of  spots  and  areas  #1— #6  in  Fig.  2B. 
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Spot# 

O 

Mg 

Si 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Sr 

La 

1 

56.50 

0.81 

2.14 

0.33 

5.39 

19.79 

4.33 

10.71 

2 

68.66 

1.08 

0.18 

11.47 

16.40 

0.85 

1.35 

3 

49.04 

2.26 

17.77 

0.94 

8.49 

21.50 

4 

63.55 

1.46 

1.04 

26.02 

3.94 

0.42 

3.56 

5 

62.01 

1.38 

0.61 

16.46 

0.82 

1.26 

3.11 

14.35 

6 

60.45 

18.25 

0.89 

3.53 

16.88 

denser  than  the  initial  microstructure  with  ~20— 30%  porosity 
[22,32].  Rare  earths  (RE)  such  as  La  and  Ce  have  been  demonstrated 
to  improve  the  Cr-oxide  scale  adhesion  either  through  the  alloying 
process  or  by  deposition  of  RE  as  an  oxide  directly  onto  the  metal 
substrate  [33,34].  The  current  one  coating  process  (i.e.,  Ce  and 
spinel  combined)  appeared  more  advantageous  and  seemed  to  be 
effective  to  keep  the  underneath  Cr-oxide  scale  from  spalling  off. 
The  small  amount  of  sub-micron  Ce02  ( ~2— 5%)  particles  remained 
dispersed  without  coarsening  as  shown  by  the  arrow  in  Fig.  2B, 
indicating  its  stability  within  the  host  (Mn,Co)-spinel  matrix.  In 
addition,  the  relatively  small  amount  and  size  of  the  particles  did 
not  act  as  rigid  inclusions  resisting  the  densification  of  (Mn,Co)- 
spinel.  To  further  examine  the  effectiveness  of  the  spinel  coating  in 


blocking  outward  diffusion  of  Cr  or  other  metal  species,  elemental 
analyses  were  conducted,  as  shown  in  Fig.  2B.  The  results  are  listed 
in  Table  1.  The  color  contrast  of  the  oxide  scale  at  the  metal  interface 
appeared  very  diffuse  showing  not  only  Cr  but  also  other  species  as 
Ti  and  Si  (spots  #l-#3).  The  diffusion  of  Cr  seemed  limited  in  that 
the  Cr  concentration  decreased  substantially  to  0.61  at%  at  about  6 
microns  from  the  interface  (spot  #5),  and  no  Cr  was  detected  in  the 
LSM  contact  area  (#6).  The  elemental  mapping  also  confirmed  the 
outward  diffusion  of  Si,  Ti,  and  Cr  was  limited  to  the  interfacial 
region  and  the  spinel  coating  (Fig.  3B,  C,  and  E,  respectively).  Ex¬ 
amination  of  Fig.  3C,  F,  and  G  indicates  the  presence  of  a  Cr-based 
oxide  scale  that  also  included  an  appreciable  amount  of  Mn, 
which  is  consistent  with  previously  published  results  for  AISI441 
and  other  ferritic  stainless  steels.  Ti  and  Si  appeared  to  be  localized 
at  the  interface  between  AISI441  and  Cr-oxide  scale,  which  is  also 
consistent  with  previous  results.  Similar  interfacial  microstructure 
was  observed  byjablonski  et  al.  who  studied  the  effect  of  Nb  on  the 
formation  of  Laves  phase  on  AISI441.  For  the  standard 
AISI441  which  contained  0.5  wt%  Nb,  isolated  Si-rich  and  Ti-rich 
phases  were  found  after  exposing  in  air  for  1000  h  at  800  °C.  For 
AISI441  without  Nb,  the  Si  tended  to  form  a  thin  and  resistive 
continuous  subscale  [6].  No  distinct  Fe  and  La  diffusion  was 
observed  (Fig.  3D  and  H).  The  concentration  of  Co  seemed  uniform 
within  the  (Mn,Co)-spinel  coating  (Fig.  3G),  although  Mn  showed  a 
higher  concentration  near  the  LSM  contact  (Fig.  3F).  The  micro¬ 
structure  characterization  clearly  showed  the  desired  densification 
of  the  spinel  coating  and  the  prevention  of  Cr  diffusion  into  the  LSM 
contact.  The  optimum  electrical  conductivity  of  (Mn,Co)-spinel  was 
determined  to  occur  at  equal  ratios  of  Mn  to  Co  (Mni.sCo  1.5O4).  The 
800  °C  conductivity  was  measured  to  be  ~60  S  cm-1;  spinel  with  a 
small  amount  of  Ce02  showed  similar  area  specific  resistance  over 
1000  h  at  800  °C  [24,25].  The  conductivity  of  MnCr204  was  ~2 
orders  of  magnitudes  lower  than  (Mn,  Cr)-spinel  [23],  and  ~3-4 


Fig.  4.  Typical  coating  microstructure  of  aluminized  AISI441  after  800  °C  6000  h-1  cell 
test,  (A)  at  air  side,  and  (B)  at  fuel  side  corresponding  to  spots  #2  and  #3  in  Fig.  1,  Fig.  5.  Microstructure  of  aluminized  AISI441  interconnect  plate  not  covered  by  sealing 
respectively.  EDS  spot  analyses  are  listed  in  Table  2.  glass.  EDS  of  selected  areas  (#l-#5)  is  listed  in  Table  3. 
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Table  2 

Chemical  analyses  of  spots  and  areas  #1— #5  in  Fig.  4  of  aluminized  AISI441  interconnect  not  covered  by  sealing  glass. 


Spot# 

O 

Al 

Ti 

Si 

Cr 

Fe 

K 

Ca 

Mn 

Ba 

Sr 

1 

61.99 

37.57 

0.07 

0.11 

0.26 

2 

64.66 

32.48 

0.19 

0.81 

0.34 

0.96 

0.41 

0.14 

3 

66.03 

28.43 

0.27 

2.96 

2.31 

4 

64.09 

30.86 

0.09 

1.52 

3.44 

5 

64.58 

31.05 

1.84 

0.78 

1.26 

0.49 

orders  of  magnitudes  lower  for  G2O3  [14,35].  Clearly  the  presence 
of  Cr-oxide  scale  can  greatly  reduce  the  cell’s  electrochemical  per¬ 
formance,  and  is  likely  to  contribute  to  the  small  degradation 
observed  for  the  top  cell,  as  reported  in  part  one  of  the  work  [30]. 

3.2.  Alumina  coating  for  AISI441 

In  addition  to  the  conducting  and  protective  (Mn,Co)-spinel 
coating,  ferritic  stainless  steel  AISI441  also  requires  a  protective  and 
insulating  (or  less  conducting)  coating  on  areas  for  sealing,  such  as 
cell  to  window  frame  glass  seal  and  compressive  mica  seal  in 
perimeter  sections  [30].  The  integrity  and  chemical  interaction  of 
the  alumina  coating  with  refractory  sealing  glass  were  reported  in 
part  two  of  the  work  [31].  As  one  can  see  from  the  simplified 
drawing  of  the  cell  assembly  in  a  stack,  there  are  areas  (as  shown  in 
spots  #2  and  #3  in  Fig.  1 )  that  are  directly  exposed  to  SOFC  envi¬ 
ronments  without  any  coverage  by  sealing  materials.  Fig.  4  shows 
the  typical  coating  microstructure  at  the  air  side  and  fuel  side  in 
Fig.  4A  and  B,  respectively.  On  both  sides,  the  alumina  coating 
appeared  strongly  bonded  to  the  AISI441  substrate,  as  no  coating 
spallation  was  observed.  One  would  expect  very  large  residual 
stresses  to  develop  between  these  two  dissimilar  materials  upon 
cooling,  which  could  cause  spallation,  given  the  large  mismatch  of 
CTE  and  elastic  modulus  between  these  two  materials  (CTE  of  AI2O3 
is  about  8-9  x  10“6  “C-1  while  it  is  12-13  x  1(T6  “C-1  for  AISI441, 
and  Young’s  modulus  of  AI2O3  is  about  350-400  GPa  and 
~200  GPa  for  the  metal).  The  adhesion  of  the  coating  is  likely 
enhanced  by  the  tortuous  texture  where  the  coating  showed 
anchor-like  “fingers”  into  the  metal  substrate  (Fig.  4B),  which 
resulted  in  mechanical  interlocking  and  compressive  stresses  on 
the  anchors.  The  coating  on  the  air  side  appeared  slightly  thicker 
than  the  fuel  side  and  seemed  more  continuous  and  homogeneous, 
while  the  fuel  side  coating  showed  discrete  particle-like 
morphology,  similar  to  the  as-aluminized  microstructure  [22]. 
The  apparent  growth  at  the  air  side  was  likely  due  to  the  contin¬ 
uation  of  the  aluminization  process  where  the  initially  diffused  Al 
metal  within  the  metal  substrate  started  to  move  outward  due  to 
high  affinity  to  oxygen.  This  process  was  greatly  reduced  in  the  fuel 
environment  where  the  PO2  was  very  small.  EDS  spot  analysis  (#1  — 
#5  in  Fig.  4)  showed  the  coating  was  primarily  Al-oxide  with  a 
small  amount  (a  few  percent)  of  Cr  and  Fe,  indicating  the  effec¬ 
tiveness  of  alumina  coating  in  blocking  Cr  outward  diffusion,  as 
compared  to  the  (Mn,Co)-spinel  coating. 

3.3.  AISI441  ferritic  stainless  steel 

Ferritic  stainless  steel  AISI441  has  a  nominal  Cr  concentration  of 
~  18-20  wt%  and  trace  amounts  of  Ti,  Nb,  Si  and  Mn  [26].  The 
incorporation  of  Cr  into  Fe  improves  the  oxidation  resistance  at 
elevated  temperatures  by  forming  a  protective,  dense  and  contin¬ 
uous  Cr-oxide  scale.  Without  the  protective  Cr-oxide  scale,  Fe  will 
oxidize  severely  without  forming  a  passive  dense  Fe-oxide  pro¬ 
tection  layer,  which  would  lead  to  structural  failure.  For  planar 
SOFC  applications,  thinner  AISI441  sheets  offer  lower  material  cost, 
easy  processing,  and  low  thermal  mass  for  rapid  startup,  but  Cr 


depletion  may  become  an  issue  causing  the  oxide  scale  underneath 
the  protective  coating  to  during  routine  thermal  cycling  in  long¬ 
term  operations.  It  is  known  that  the  (Mn,Co)-spinel  coating  can 
reduce  the  oxide  scale  growth  but  cannot  completely  stop  the 
oxidation  processes.  Liu  et  al.  studied  the  life  prediction  of  coated 
and  uncoated  Crofer22AU  (a  similar  material  as  AISI441)  for  SOFC 
applications.  Using  a  Rockwell  indenter,  they  determined  the  shear 
strength  of  coated  and  uncoated  samples.  With  known  scale 
growth  rates,  the  life  predicted  for  coated  Crofer22APU  was 
15,500  h  at  800  °C  and  4,747  h  for  uncoated  one  [12].  Clearly  the 
predicted  life  was  less  than  the  desired  40,000  h.  Fig.  5  shows  the 
typical  microstructure  of  aluminized  AISI441  not  covered  by  sealing 
materials,  showing  the  dense  and  continuous  alumina  layer  of  dark 
color.  Selected  areas  from  the  metal/coating  interface  were 
analyzed;  the  chemical  compositions  are  listed  in  Table  3.  Clearly, 
only  regions  close  to  the  interface  (~5  pm,  #1  in  Fig.  5)  showed 
some  loss  of  Cr  in  that  the  concentration  was  15.98  at%,  as 
compared  to  the  other  areas  (#2-#5)  which  showed  a  fairly  con¬ 
stant  concentration  of  ~20  at%.  The  Cr  concentration  was  also 
investigated  on  areas  coated  with  (Mn,Co)-spinel.  Similar  results  to 
those  recorded  in  Table  3  were  obtained  and  are  therefore  not  listed 
here.  One  can  therefore  conclude  the  depletion  of  Cr  would  not  be 
an  issue  for  coated  AISI441  even  in  thinner  sheets. 

3.4.  Ni  mesh  as  current  collector 

At  the  anode  side,  Ni  mesh  is  widely  used  as  the  current  col¬ 
lector,  especially  for  planar  SOFCs  with  Ni/YSZ  anode-supported 
thin  electrolyte  cells.  Use  of  Ni-based  current  collector  offers 
good  conduction  and  metallurgical  bonding  with  the  anode  after 
reduction,  and  presents  no  contamination  issues.  In  our  long-term 
test,  the  Ni  mesh  was  first  spot-welded  onto  the  central  section  of 
AISI441  interconnect  plates  where  no  aluminization  was  applied.  A 
NiO  paste  was  also  applied  between  the  Ni  mesh  and  the  cell  during 
stack  assembly.  Fig.  6  shows  the  typical  microstructure  of  a  spot- 
welded  Ni  wire  on  AISI441  interconnect  plate.  The  Ni  wires 
showed  very  large  grains  after  800  °C  6000  h-1,  with  some  grains  as 
large  as  ~150  pm.  The  wire  also  exhibited  circumferential  pores 
close  to  the  circumference  (arrow  in  Fig.  6B).  These  pores  were 
likely  due  to  the  redox  process  that  occurred  when  the  Ni  wire  was 
partially  oxidized  during  the  initial  firing  of  the  short-stack  as¬ 
sembly.  At  the  Ni/AISI441  welded  interface,  a  gray  layer  of  ~5- 
10  pm  thick  containing  Cr  and  Mn  oxide  scale  was  found  as 
confirmed  by  EDS  spot  analysis  (spots  #1  and  #2  in  Fig.  6C  and 
Table  2).  The  oxide  scale  (arrow  in  Fig.  6A)  appeared  not  continuous 


Table  3 

Selected  area  chemical  analyses  in  Fig.  5. 


Area# 

O 

Al 

Ti 

Si 

Cr 

Fe 

1 

10.65 

7.44 

0.89 

15.98 

65.03 

2 

0.88 

19.79 

79.33 

3 

0.98 

20.18 

78.85 

4 

0.41 

0.94 

19.81 

78.84 

5 

1.08 

19.71 

79.21 
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for  Ni  wires  where  the  welded  section  was  large  (e.g.,  the  welded 
width  was  about  ~200  pm).  For  wires  of  narrow  welding  width 
(~100  pm  in  Fig.  6B),  the  oxide  scale  seemed  continuous.  The 
formation  of  a  continuous  oxide  scale  is  likely  to  degrade  the  cell’s 


Electron  Image  1 


Mn 


Fig.  6.  (A)  Microstructure  of  current  collector  Ni  wire  and  AISI441  interconnect  at  spot 
welded  section  after  800  °C  6000  h-1  test  (arrow  in  (A)  shows  the  Cr-oxide  scale).  (B) 
Another  welded  Ni  wire  on  AISI441  where  a  dense  and  continuous  Cr-oxide  scale 
formed  at  the  interface.  (C)  EDS  line  scans  across  the  circled  interfacial  area  in  (A).  Spot 
analyses  of  #1  and  #2  are  listed  in  Table  4. 


performance  since  the  oxide  scale  has  much  lower  conductivity 
than  Ni.  For  example,  the  conductivity  of  thermally  grown  Cr2C>3  is 
about  ~10  3— 1CT4  S  cm-1  at  800  °C  [35].  The  oxide  scale  in  Fig.  6 
contained  both  Cr  and  Mn.  The  conductivity  of  Cr— Mn-oxide  is  not 
known  but  would  be  considered  much  lower  than  that  of  pure  Ni 
(~300  S  cm-1).  The  oxide  scale  formed  even  in  the  reducing 
environment  where  the  calculated  equlibrium  P02  was  rather  low 
(1.92  x  10“21  atm)  for  fuel  of  H2:N2  =  1:1  with  ~3%  H20.  The 
observed  oxide  scale  was  consistent  with  thermodynamic  calcu¬ 
lations  (HSC  Chemistry  software  V  5.1  by  Outokumpu  Research  Oy, 
Finland)  of  predominant  phases  for  Cr— O-FI  and  Mn— O-FI  sys¬ 
tems  in  the  fuel  gas  environment,  as  shown  in  Fig.  7  A  and  B, 
respectively.  Across  the  interface,  mutual  diffusion  was  evident  as 
shown  in  Fig.  6C  with  similar  diffusion  distance  of  ~45  pm  for  Cr 
and  Ni,  while  Fe  diffused  even  farther. 

3.5.  Microstructure  characterization  of  cathode  and  anode 

Microstructures  of  the  cathode  and  anode  were  also  examined 
after  the  long-term  test.  Fig.  8  shows  the  microstructure  of  the 
cathode  area  from  the  top  cell  of  the  3 -cell  short  stack,  which 


log  pH2(g)  Predominance  Diagram  for  Cr-O-H  System 
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Fig.  7.  Calculated  predominance  phase  diagram  for  (A)  Cr-O-H  and  (B)  Mn-O-H 
system  at  fixed  P02  =  1.9  x  10-21  atm  for  fuel  of  H2:N2  =  1:1  with  3%  H20. 
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Fig.  8.  Cathode  microstructure  of  the  top  cell  (with  relatively  stable  electrochemical 
performance,  see  Ref.  [30])  of  the  3-cell  short  stack  after  800  °C  6000  h-1  test,  (A)  LSM 
contact  layer  (between  areas  #1  and  #2),  and  (B)  active  layer  of  LSM-YSZ  composite 
near  YSZ  electrolyte  (between  areas  #3  and  #4).  Chemical  compositions  of  selected 
areas  (#l-#4)  are  listed  in  Table  5. 

showed  the  most  stable  electrochemical  performance  with  1  — 
2%  kh-1  degradation  over  6000  h  [30].  Fig.  8A  is  the  LSM  cathode 
current  collector  (between  areas  #1  and  #2),  and  Fig.  8B  shows  the 
inner  active  cathode  of  LSM/YSZ  composite  next  to  the  YSZ  elec¬ 
trolyte  (between  areas  #3  and  #4).  Selected  areas  were  also  sub¬ 
jected  to  chemical  analysis;  the  results  are  listed  in  Table  5.  Clearly, 
no  Cr  species  were  identified  within  the  cathode  layer.  Similar  re¬ 
sults  were  also  obtained  in  a  few  other  cathode  locations  on  the 
4  cm  x  4  cm  cathode  in  that  no  Cr  was  detected  in  areas  #1— #3, 
and  no  Cr  or  very  small  concentration  of  0.35  at%  (about  the 
detection  limit)  was  found  at  area  #4,  i.e.,  next  to  YSZ  electrolyte. 
For  comparison,  the  microstructure  of  the  cathode  area  of  the  as- 
received  cell  before  long-term  test  and  the  middle  cell,  which 
showed  much  higher  degradation  than  the  top  cell,  is  shown  in 


Table  4 

Chemical  analyses  of  spots  #1  and  #2  in  Fig.  6A  at  the  spot-welded  Ni  wire  and 
AISI441  interconnect  interface. 


Spot# 

O 

Si 

Cr 

Mn 

Ni 

Nb 

1 

64.66 

0.24 

23.02 

11.18 

0.64 

0.26 

2 

63.32 

0.21 

22.55 

11.06 

0.29 

2.26 

Table  5 

Chemical  analyses  of  cathode  areas  #1— #4  in  Fig.  8  after  800  °C  6000  h-1  (the 
sample  was  from  top  cell  of  the  short  stack  which  showed  the  stable  performance 
(Ref.  [30])). 


Area# 

O 

Cr 

Mn 

Sr 

La 

Y 

Zr 

Ni 

1 

63.80 

19.39 

3.56 

13.25 

2 

61.80 

18.82 

4.13 

15.26 

3 

66.57 

9.15 

1.86 

7.20 

2.65 

12.56 

4 

67.47 

8.31 

0.84 

5.53 

2.93 

14.49 

0.43 

Figs.  9  and  10,  respectively.  The  corresponding  chemical  analyses 
within  the  LSM  contact  layer  and  LSM/YSZ  composite  active  layer 
are  listed  in  Tables  6  and  7,  respectively.  Examination  of  the 
microstructure  of  the  LSM  contact  layer  of  the  three  cells  (Figs.  8A, 
9A,  and  10A)  showed  no  distinct  changes  in  grain  sizes  and  pore 
sizes,  indicating  the  desired  thermal  stability  of  LSM  cathode  ma¬ 
terial.  This  is  consistent  with  the  fact  that  typical  sintering  tem¬ 
perature  for  LSM  material  is  greater  than  1100  °C,  so  minimal  grain 
growth  would  be  expected  at  800  °C,  and  Siemens  demonstrated 
tubular  cells  with  LSM  cathode  with  more  than  70,000  h  operation 
without  significant  degradation  [36].  EDS  analyses  also  indicated 
fairly  constant  La/Sr  and  (La  +  Sr)/Mn  rations,  and  no  foreign  spe¬ 
cies,  especially  Cr  (Tables  5-7).  At  the  inner  active  cathode  layer  of 


Fig.  9.  Cathode  microstructure  of  the  cell  before  800  °C  6000  h-1  test,  (A)  LSM  contact 
layer  (area  #1),  and  (B)  active  layer  of  LSM-YSZ  composite  near  YSZ  electrolyte  (area 
#2).  Chemical  compositions  of  selected  areas  (#1  and  #2)  are  listed  in  Table  6. 
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Fig.  10.  Cathode  microstructure  of  the  middle  cell  (with  poor  electrochemical  per¬ 
formance,  see  Ref.  [30])  of  the  3-cell  short  stack  after  800  °C  6000  h-1  test,  (A)  LSM 
contact  layer  (between  areas  #1  and  #2),  and  (B)  active  layer  of  LSM-YSZ  composite 
near  YSZ  electrolyte  (between  areas  #3  and  #6).  Chemical  compositions  of  selected 
areas  (#l-#6)  are  listed  in  Table  7. 


Table  6 

Chemical  analyses  of  cathode  areas  #1  and  #2  in  Fig.  9  before  the  long-term  test. 


Spot# 

O 

Cr 

La 

Sr 

Mn 

Y 

Zr 

1 

32.22 

25.78 

7.50 

34.50 

2 

42.25 

11.19 

2.58 

15.01 

3.88 

25.09 

LSM/YSZ  composite,  the  microstructure  exhibited  some  changes 
after  the  long-term  test,  especially  the  middle  cell  (Fig.  10B),  where 
some  fine  pores  seemed  filled  with  gray  phases  as  compared  to  the 
cell  before  testing,  where  the  fine  pores  were  black  in  color 


Table  7 

Chemical  analyses  of  cathode  areas  #1— #6  in  Fig.  10  after  800  °C  6000  h  1  (the 
sample  was  from  middle  cell  of  the  stack  which  showed  poor  performance  with 
rapid  degradation  (Ref.  [30])). 


Spot# 

O 

Cr 

La 

Sr 

Mn 

Y 

Zr 

Ni 

1 

64.35 

14.30 

3.90 

17.45 

2 

59.98 

16.39 

4.20 

19.43 

3 

67.95 

0.45 

5.48 

1.10 

6.75 

3.17 

15.10 

4 

68.06 

2.08 

5.54 

1.15 

7.83 

2.93 

12.40 

5 

68.47 

3.97 

4.87 

0.98 

7.19 

2.32 

11.93 

0.26 

6 

68.03 

7.80 

4.22 

0.68 

5.78 

2.16 

10.99 

0.35 

(Fig.  9B).  EDS  analyses  of  the  active  layer  clearly  confirmed  the 
presence  of  Cr  in  the  middle  cell,  which  showed  large  degradation 
as  compared  to  the  top  cell  where  no  Cr  was  detected.  The  source  of 
Cr  was  likely  from  the  uncoated  anode  interconnect  plate  as  well  as 
poorly  coated  edges  when  the  glass  seal  failed.  Cr  was  only  detected 


Fig.  11.  Microstructure  of  anode  after  800  °C  6000  h-1  cell  test,  (A)  active  anode  near 
YSZ  electrolyte,  (B)  anode  support  close  to  active  anode,  and  (C)  anode  support  near 
the  outer  surface  (~500  pm  away  from  (B)).  EDS  of  the  area  scan  #1  (A)  and  #2  (C)  is 
listed  in  Table  8. 
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in  the  active  LSM/YSZ  cathode  layer.  No  Cr  was  detected  in  the  outer 
LSM  cathode  ( - 15  pm  on  the  cell)  as  well  as  the  thick  ( ~  500  pm) 
LSM  contact  paste  added  on  cell  during  stack  assembly,  and  the  Cr 
concentration  increased  near  the  YSZ  electrolyte.  For  example,  Cr 
was  7.8  at%  at  the  interface,  4.0  at%  ( ~  5  pm  from  YSZ),  2.1  at% 
( ~  10  pm),  and  ~0.5  at%  ( ~  15  pm)  as  listed  in  Table  7.  Similar  re¬ 
sults  were  also  reported  for  button  cell  performance  of  LSM  cath¬ 
ode  with  Cr-containing  alloys  such  as  Crofer22APU  [8  and  ZMG232 
[15].  Cr  was  only  detected  at  the  cathode/electrolyte  interface  not 
within  the  bulk  LSM  cathode  or  contact  paste  [8,15].  They  attributed 
the  lack  of  reaction  between  LSM  and  the  volatile  species  of 
Cr02(0H)2  to  the  unfavorable  thermodynamics  for  a  displacement 
reaction  to  form  Lao.8Sro.2Mni_xCrx03  [8]  or  a  kinetically  slow 
process  [18],  and  the  favorable  reduction  reaction  at  electrolyte/ 
cathode  interface  or  the  triple  phase  boundary  to  form  Cr203  as 
below  [15] 

2Cr02(0H)2(g)  +  6e“  -  Cr203(s)  +  2H20(g)  +  302~ 


and  reaction  with  electrolyte  to  form  insulating  phases  [37].  As 
discussed  before,  close  examination  of  the  microstructure  and 
electrolyte  interface  showed  no  discernable  coarsening  or  spall¬ 
ation.  Chemical  reactions  between  LSM  and  YSZ  have  been  studied 
and  a  comprehensive  review  was  given  by  Yokokawa  [38].  Insu¬ 
lating  phases  of  SrZr03  and  La2Zr207  have  been  identified  as 
possible  causes  for  degradation  [38,39],  and  found  likely  to  form 
during  the  initial  cathode  sintering  at  high  temperatures.  On  the 
other  hand,  La2Zr207  has  been  found  to  form  at  low  (750  °C) 
operation  temperature  under  high  overpotentials  (>300  mV) 
conditions  even  if  it  did  not  form  during  initial  sintering  processes 
[40].  Close  examination  at  the  cathode/electrolyte  interface  of  the 
top  and  middle  cells  (Figs.  8B  and  10B)  revealed  no  discernable 
precipitates  of  SrZr03  and  La2Zr207.  The  area  scans  near  the  elec¬ 
trolyte  interface  all  showed  ratios  of  Sr/Zr  and  La/Zr  much  less  than 
the  theoretical  ratio  of  1  for  SrZr03  and  La2Zr207  (Tables  5  and  7) 
suggesting  that  neither  of  these  phases  formed  during  the  6000  h 
operation. 


2Cr03(g)  -  Cr203(s)  +  1.502(g) 


4.  Summary  and  conclusion 


The  volatile  Cr-containing  species  could  also  react  with  Sr- 
containing  cathode  to  form  SrCrCU;  however,  the  chromate  for¬ 
mation  was  favorable  for  cathodes  containing  less  stable  tetravalent 
ions  such  as  Fe4+  or  Co4+  as  in  LSCF  [18]. 

Microstructures  at  the  anode  side  were  also  characterized;  three 
areas  were  examined:  active  anode  layer  (next  to  YSZ  electrolyte), 
anode  support  near  active  anode  layer,  and  anode  support  near  the 
outer  surface,  as  shown  in  Fig.  11A,  B,  and  C,  respectively,  chemical 
analyses  for  selected  areas  are  listed  in  Table  8.  No  Cr  was  detected 
within  these  areas,  consistent  with  thermodynamic  calculations 
that  Cr203  was  the  most  favorable  phase  at  the  fuel  side  without 
forming  volatile  species  in  the  reducing  and  humid  environment, 
and  also  the  oxidizing  (instead  of  reducing)  potential  at  the  triple 
phase  boundaries.  No  discernable  coarsening  of  Ni  particles  was 
found  which  could  lead  to  reduced  triple  phase  boundaries  and  loss 
of  connectivity  between  Ni  grains,  which  could  contribute  to  cell 
degradation.  This  also  appeared  consistent  with  the  impedance 
measurement  of  the  top  cell  in  that  the  ohmic  part  was  fairly 
constant  during  the  6000  h  test,  as  shown  in  Fig.  12,  with  the  cell’s 
major  increase  in  impedance  coming  from  the  polarization  part. 
The  ohmic  resistance  only  increased  a  few  milli-ohms  in  the  first 
~500  h  and  then  remained  almost  unchanged  after  that.  As 
mentioned  in  a  previous  section,  the  conductivity  of  Cr203  is  about 
~10  3— 10-4  S  cm-1  at  800  °C,  and  the  thickness  of  the  Cr  oxide 
scale  was  about  5  pm  at  the  end  of  test  (Fig.  4B).  For  an  interconnect 
plate  of  25  cm2  and  initial  oxide  scale  of  a  few  micron  thick,  one  can 
estimate  the  increase  in  ohmic  resistance  to  be  10-100  mQ,  much 
greater  than  the  observed  value  of  -  2  mQ.  This  suggested  that  the 
majority  of  interfacial  microstructure  of  spot-welded  Ni  wires  on 
AISI441  interconnect  plates  would  be  like  Fig.  6A  where  the  central 
portion  of  the  weld  was  free  of  a  thick  and  continuous  Cr203  oxide 
scale,  instead  of  Fig.  6B.  The  small  increase  in  ohmic  part  was  not 
clear  but  likely  from  the  cathode  side  on  the  (Mn,Co)-spinel  coated 
interconnect  plate. 

In  addition  to  Cr-poisoning,  several  other  mechanisms  have 
been  investigated  as  potential  cathode  degradation  mechanisms: 
microstructure  coarsening,  phase  decomposition,  layer  spallation, 


Table  S 

Chemical  analyses  of  anode  after  800  °C  6000  h_1  test  (referring  to  Fig.  11A  and  C). 


Area# 

O 

Ni 

Y 

Zr 

Cr 

1 

51.10 

22.53 

4.67 

21.70 

2 

52.03 

25.71 

1.66 

21.12 

A  generic  solid  oxide  fuel  cell  stack  test  fixture  was  developed  to 
evaluate  candidate  materials  and  processing  under  realistic  con¬ 
ditions.  In  this  Part  III,  detailed  microstructure  analysis  was  con¬ 
ducted  on  a  Ce-(Mn,Co)-spinel  conductive  coating,  alumina 
coating,  ferritic  stainless  steel  AISI441,  Ni  current  collector,  elec¬ 
trodes,  and  potential  Cr  poisoning  issues.  After  an  800  °C  6000  fr1 
test,  Ce-modified  (Mn,Co)-spinel  coating  showed  improved  densi- 
fication  with  some  diffusion  of  Cr  into  the  spinel  coating.  No 
spallation  of  the  spinel  coating  or  the  underneath  Cr-oxide  scale 
was  found.  The  strong  adhesion  was  attributed  to  the  tortuous 
mechanical  interlocking.  At  the  metal  interface,  some  segregation 
of  Si  and  Ti  was  observed;  however,  no  continuous  layer  formed. 
Regarding  the  protective  alumina  coating  on  perimeter  sealing 
areas  of  AISI441  interconnect  or  window  frame  plates,  the  coating’s 
microstructure  appeared  more  dense  and  thick  at  the  air  side  as 
compared  to  the  fuel  side.  The  alumina  coating  also  remained 
strongly  bonded  to  the  metal  substrate.  A  small  amount  of  Cr  was 
found  in  the  alumina  coating.  Cr  concentration  analysis  within  the 
metal  was  also  conducted  to  address  the  potential  Cr-depletion 
issue  for  long-term  durability.  Results  showed  a  small  decrease  of 


top  cell  impedance  (full  cell  mode) 


hrs  @  800°C 


Fig.  12.  Impedance  of  the  top  cell  during  the  long-term  (6000  h)  stability  test  at 
800  °C.  Note  the  total  impedance  included  the  cell,  contact  materials,  and  two  inter¬ 
connect  plates,  i.e.,  between  the  top  cathode  IC  plate  and  the  1st  full  IC  plate  (Fig.  1). 
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Cr  content  near  the  coating  interface,  implying  the  effectiveness  of 
the  alumina  coating.  Characterization  of  current  collector  Ni  wires 
showed  circumferential  pores,  likely  due  to  redox  reactions.  At  the 
spot-welded  interfaces  with  the  AISI441  substrate,  a  thin  non- 
continuous  as  well  as  thick  and  continuous  Cr-oxide  scale  was 
observed.  Analysis  of  the  change  of  ohmic  resistance  from  imped¬ 
ance  spectra  suggested  that  the  majority  of  Ni  welded  points  did 
not  form  the  thick,  continuous,  and  less  conductive  scale.  The 
microstructure  of  the  cathode  and  anode  was  also  examined.  No  Cr 
was  detected  in  the  LSM  contact  materials  for  both  the  top  and 
middle  cells.  However,  Cr  was  detected  within  the  active  cathode 
layer  and  the  concentration  increased  near  the  YSZ  electrolyte 
interface  for  the  middle  cell,  which  showed  large  degradation.  No 
or  very  little  (close  to  detection  limit)  Cr  was  found  in  the  top  cell 
which  showed  the  lowest  overall  degradation  of  the  three  cells.  EDS 
analysis  near  YSZ  electrolyte  interface  indicated  no  formation  of  the 
insulating  phases  of  SrZr03  or  La2Zi207.  Overall,  the  Ce-(Mn,Co) 
spinel  coating,  alumina  coating,  and  AISI441  steel  showed  the 
desired  long-term  stability  and  the  developed  generic  stack  fixture 
proved  to  be  a  useful  tool  to  validate  candidate  materials  for  SOFC 
applications. 
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